We consider transitions between neutrinos and anti-neutrinos in laboratory experiments in five scenarios. These include the case in which the helicity flips, producing an anti-neutrino with normal weak interactions, and helicity preserving oscillations into an SU(2) singlet state which only interacts by mixing or new interactions. The ratio of µ + and µ − events for a high energy ν µ beam from pion decay rescattered from a nucleon target, and the ratio between e + and e − events for a rescattered low energy ν e beam are calculated in each case. The upper limit on the ratio is about 10 −7 ∼ 10 −12 for a high energy ν µ beam and 10 −4 ∼ 10 −14
I. INTRODUCTION
Neutrino anti-neutrino transitions have been predicted by various non-standard models [1] − [12] . Such transitions for real neutrinos are complementary to the lepton-numberviolating transitions of virtual neutrinos that are searched for in neutrinoless double beta decays [13] . The latter are extremely sensitive to ν e effects, but blind to other lepton flavors. Recently, interest in real transitions revived due to the discussion of possible astrophysical applications of spin precession in a transverse B field for Majorana neutrinos [14] . In this work, we study possible scenarios of neutrino anti-neutrino transitions in the context of the standard model and its allowed extensions and consider the possibility of observations in laboratory experiments.
We consider mechanisms for lepton number violation that involve a spontaneously generated Majorana neutrino mass. Several processes can lead to helicity flip, in which left-handed neutrinos, ν L , are converted into right-handed anti-neutrinos, ν c R . Neutrinos with Majorana masses can be produced/annihilated in the wrong helicity states by the ordinary left-handed charged weak currents because ν L and ν c R are connected by the Majorana mass in the Lagrangian. However, the amplitude is proportional to (m ν /E ν ), and is therefore small. The transition magnetic moments of a Majorana neutrino can connect ν iL and ν c jR from different families. Hence, a transverse B field can rotate ν iL into ν c jR [12] , [14] . However, the transition probability is proportional to |µ ν B| 2 , which is small. Models in which lepton number is spontaneously broken by the vacuum expectation value of an additional Higgs field predict helicity flip neutrino decays: ν c 2L → ν c 1R + χ, where χ is the Goldstone boson (Majoron) associated with lepton number violation [15] . However, the decay rate, depending on the Yukawa coupling constant of the extra Higgs field and the mixing angle, is restricted to be small.
Other possibilities are helicity non-flip transitions. They can occur when Dirac and Majorana masses are both present. The mass eigenstates become combinations of weak eigenstates (ν L , ν c L , ν R , ν c R ), where ν L and ν c R are respectively the left and right chiral components of an ordinary SU(2) doublet (active) neutrino. Similarly, ν c L and ν R are the left and right chiral components of an SU(2) singlet (sterile) neutrino. For comparable Dirac and Majorana masses, the mismatch between weak and mass eigenstates results in (2 nd class) oscillations [3] - [7] between neutrinos and anti-neutrinos: the probability that an initial ν L oscillates into ν c L at time t is * :
where ∆ = 2.54
, L is the distance traveled, and θ is the mixing angle. The transition rate can be large for 2 nd class oscillations. However, oscillations don't change the helicity, and second class oscillations result in a ν c L which is sterile with respect to standard model interactions. * Pure Dirac or pure Majorana masses lead only to first class oscillations, in which the lepton family is changed (e.g., ν eL → ν µL ), but neutrinos are not changed into anti-neutrinos.
Since disappearance experiments have relatively low sensitivity and don't distinguish first and second class oscillations, we consider some non-standard models in which ν for the right-handed interactions or the small mixing between W L and W R . In SU(2) L × U(1) models with heavy exotic fermions [17] , the light ordinary neutrinos are mixed with heavy exotic ones. Consequently, the state ν L associated with l − L in weak decays at low energy is not a complete state and thus not orthogonal to N c L , which belongs to an exotic doublet [18] . 2 nd class oscillations can also occur. Both mechanisms lead to lepton number violating processes. However, the effects are strongly suppressed by small mixing between light and heavy fermions.
Our conclusion is fairly negative: the upper limit on the transition probability is probably impossible to observe in present laboratory neutrino experiments, because of the small transition rate for helicity flip cases or the small rescattering rate for helicity non-flip cases.
The paper is arranged in four sections. In section II, we consider helicity flip transitions; section III discusses non-flip transitions; in section IV, we discuss the results.
We consider two types of experiments. In the first, a high energy ν µ beam from pion decay in flight is deep inelastically rescattered from an isoscalar nucleon target. We calculate the ratio between µ + and µ − events after rescattering as a measurement of the transition. †
The cross section for deep inelastic neutrino scattering is calculated in the simple parton model. In the second case, we consider a low energy electron neutrino beam rescattered from a nucleon target, and calculate the ratio between e + and e − events after rescattering. For low energy neutrino nucleon scattering, we do not specify the specific nuclear transition, but assume that r = σν The numerical value is calculated assuming that ν µ in the forward direction has an energy of 1 GeV . When the neutrinos are rescattered by nucleons, two reactions produce µ + events:
is the "wrong" helicity interaction, and
is the right helicity interaction, where s = 2ME ν , and
are the fractions of momentum carried by u, d and anti-quarks in the proton, respectively. (The cross sections are per nucleon for an isoscalar target.) Therefore, the total cross section for µ + events is
Similarly, the cross section for µ − events is
Using ǫ ≡ 2Q p U p +D p ∼ 0.125 from other experiments, for a typical value E ν ∼ 1 GeV the ratio of µ + events and µ − events is approximately
For low energy ν e (∼ 5 MeV ), we don't assume a particular source, because the low energy neutrinos could come from various reactions, e.g., muon decay from a stopped pion or reactor anti-neutrinos, with the obvious interchange of ν e →ν e , e ± → e ∓ in the latter case. One can produce the "wrong" helicity neutrinos from the original decays. To a good approximation, the rate is
times the rate to produce the "right" helicity neutrinos. Similarly, when ν e is rescattered from a nucleon target, the "wrong" helicity reaction can again take place, producing e + events, with the same factor
. Hence, the ratio between e + and e − events after rescattering is
assuming that m νe ∼ 1 eV , E νe ∼ 5 MeV and σν
2. Spin precession in a transverse B field in matter. In a transverse magnetic field, the nonzero transition moments of a Majorana neutrino can induce ν iL → ν c jR transitions between families. Assuming ν e and ν µ as the two families, the evolution equations for the four fields are [14] 
where θ is the vacuum mixing angle, ∆m 2 21 is the mass square difference between the two neutrino mass eigenstates, and E ν is the neutrino energy. The equation can be solved exactly. The transition probability from ν µL to ν c eR is:
where,
We have neglected second order effects which can lead to the transition ν µL → ν c µR . Suppose that |µ ν | is at its experimental limit and that in an experiment there is a 10T transverse B field (|µ ν B| ∼ 4.4 × 10 −13 eV ) between the neutrino source and the target. If B, ∆m 2 and L are sufficiently small so that
the transition probability is simply |µ ν BL| 2 , independent of ∆m 2 and E ν . For example, if we assume ∆m 2 ∼ 10 −5 eV 2 from the solar neutrino solution [19] , and E ν ∼ 1 GeV , the probability of
is suppressed. Hence, in most of the neutrino experiments a broad spectrum of E ν can contribute to the conversion rate with fixed ∆m 2 . After the neutrinos are rescattered by the nuclear target, the ratio between the e + and µ − events is:
For ∆m 2 ∼ 10 −5 , the ratio is about 2 × 10 −6 .
2 L 2 ∼ 1 and ∆m 2 /2E ν > 2|µ ν |B, the transition probability can be strongly suppressed by the non-degenerate masses. There are two possible solutions to this. One is to use a neutrino beam with higher energy to test larger ∆m 2 . Another lies in the fact that ν e /ν e and ν µ /ν µ have different interactions with matter [20] , which might be able to compensate for the mass difference at a specific resonance matter density. The transition probability to ν c eR at time t in matter is (for simplicity, we assume zero mixing angle between neutrino families.),
where the different matter potentials are given (for a neutral unpolarized medium) by
in which N e and N n are respectively the electron and neutron number densities, and
A cancellation will occur when
and the suppressed transition rate will be increased. For example,
56
26 F e at room temperature has N n = 2.54 × 10 24 /cm 3 , and 2(1 − Ne Nn ) ≈ 0.3, yielding −a νe − a νµ ∼ 6 × 10 −14 eV . For low energy ν e neutrinos § , the probability of ν eL → ν c µR is the same as P (ν µL → ν c eR ) in transverse B field in vacuum. Here we consider an intermediate neutrino energy
* * E ν ∼ 150 MeV so that the ν c µR produced from oscillations can be rescattered into µ + . Therefore, if ∆m 2 ∼ 10 −5 eV 2 , the probability of having a ν c µR at distance 1 km is about 5 × 10 −6 . After rescattering, the ratio between the µ + events and e − events is:
For ∆m 2 ∼ 10 −5 and σν µN /σ νeN ∼ 1, the ratio is about 5 × 10 −6 .
3. Neutrino decay. In the model proposed by Chikashige, Mohapatra and Peccei [15] , an additional higgs singlet field φ is introduced to couple the SU(2) singlet ν c L to its conjugate ν R with a Yukawa coupling constant h 2 . The nonzero vacuum expectation value of φ spontaneously breaks the global lepton number and generates a Majorana mass term:
§ The ν c eR → ν µL transition probability is the same as that for ν µL → ν c eR . * * Or, ν eL can oscillate into ν c eR through second order effects, with probability ∝ |µ ν B| 2 sin 2 2θ e .
where m is the Dirac mass and M = h 2 φ is the Majorana mass. It also results in a massless Goldstone boson, the Majoron χ, and interactions between the Majoron and neutrinos. We assume that m and M are comparable (the usual seasaw model makes the opposite assumption, M ≫ m [21] 
(Of course, ∆m 2 , θ e , Γ e and h 2e need not be the same as for the ν µL case.) At resonance,
cos 2θ e > 0, and significant transitions can occur provided
Therefore,
For ∆m 2 ∼ 10 −5 eV 2 and sin 2 2θ e ∼ 0.01 from the MSW solar neutrino solution, and typical E νe ∼ 1 MeV , m νe ∼ 1 eV , the constraint on Γ e gives h 2 2e ≪ 0.1. Of course, m νe ∼ 1 eV is a very optimistic assumption -the bound on h 2e will be looser for smaller m νe .
The limit on the mixing angle for ν µ given by disappearance experiments is sin 2 2θ µ < 0.02 for ∆m 2 = 100 eV 2 . We assume that the limit h 2 2e ≪ 0.1 for electron neutrinos applies also to muon neutrinos, i.e., that the higgs singlet field couples to neutrinos from different families with similar strength, and take the typical distance between the neutrino source and the target in the laboratory environment to be 1 km. After the neutrinos are rescattered from nucleons, the ratio between µ + and µ − events,
is less than 4 × 10 −7 for the assumed parameter values. For low energy ν e , the transition probability at time t is
where Γ e =
transition probability after the neutrino travels 1 km is less than 10 −4 . Therefore, the ratio between e + events and e − events after rescattering is less than P r ∼ 10 −4 .
III. HELICITY NON-FLIP MODELS
1. SU(2) R ×SU(2) L ×U(1) model. As discussed in the Introduction, for neutrinos with comparable Dirac and Majorana masses, 2 nd class oscillations can occur. They can be quite efficient for converting neutrinos into anti-neutrinos. However, they create SU(2) singlet states which interact only via mixing or new interactions. In the 
where,Ĝ
, where M 1 and M 2 are W boson masses. U L is the CKM matrix for quarks, and U R is its analog for J R . We ignore neutrino mass effects in the rescattering, so the lepton mixing matrix V L can be taken to be the identity. Therefore, ν c µL can be scattered into µ + through right-handed interactions. There are two reactions to produce µ + . ν c µL N → µ + X through right-handed currents,
and through the mixing of right-handed and left-handed currents:
For |b|, |d| ≪ a, µ − production ν µ N → µ − X proceeds through ordinary left-handed currents:
Therefore the ratio between µ + events and µ − events is:
We work in the manifest (or pseudo-manifest) left-right symmetric model, in which g L = g R and |U R ud | = |U L ud |, and use the limits [22] for the model parameters, |ξ| < 0.003, β < 0.004. Assuming sin 2 2θ µ < 0.02 for ∆m 2 = 100 eV 2 from disappearance experiments, one finds
which is less than 3 × 10 −7 for L ∼ 1 km and E ν ∼ 1 GeV . In the low energy ν e case, when ν c eL is rescattered from nucleons following 2 nd class oscillations, there are again two reactions to produce e + . ν 
Analogously,
For e − events, ν e N → e − X occurs through left-handed currents:
Therefore, the ratio between e + and e − events after rescattering is
Putting in limits on the SU(2) L × SU(2) R × U(1) parameters, sin 2 2θ e ∼ 0.01 and assuminĝ σ 
For ∆m 2 ∼ 10 −5 eV 2 , E νe ∼ 5 MeV , and L ∼ 1 km, R is around 10 −11 .
2. Models with mixing between ordinary and exotic fermions. Many models predict the existence of new fermions with exotic SU(2) × U(1) assignments. The mass eigenstates associates with them are usually heavy, and the mixings between the ordinary light states and the heavy exotic states are small [17] . In a particular model, the Lagrangian mass term is:
where (ν L , ν We assume that at most two of the four eigenstates ν 1 and ν 2 are light. The weak states are superpositions of mass eigenstates:
and the light mass eigenstates are combinations of the four weak eigenstates: [18] . The decay rate is Γ 0 (|U
, where Γ 0 is the decay rate without mixing. The state evolves to ν ′ µL (t) when it reaches the target:
When it is rescattered from a nucleon target, three weak transitions may occur, due to the nonorthogonality of the state, oscillations (for m 2 1 = m 2 2 ), or both: L is θ µR . The probability of producing a µ − from rescattering is:
and the probability of producing a µ + is:
with ∆m 2 = m 
The mass matrix is: 
The light mass eigenstate, to first order in the perturbations, is:
Since there is only one light state, there are no oscillations, but µ + can still be produced due to the non-orthogonality of ν The ratio of µ + events and µ − events is
, for N L is sterile in the mirror model. The limit [17] [18] is |U 13 | 2 < 0.027. For charged leptons, the Lagrangian mass term is:
where Using the experimental limits on heavy fermions [17] [18], a loose estimate of the two angles is θ µR , θ µL < m µ /(90 GeV ) ∼ 0.0014. Hence the ratio between µ + and µ − events is R < 4 × 10 −8 . Similarly, for low energy ν e , the ratio between e + and e − events is then
for the mirror model, where the parameters are defined for the electron family, and the cross sections are for light leptons (with the mixing angle removed). The limit [17] [18] is |U 13 | 2 < 0.047 for ν e , and θ eR , θ eL < 6 × 10 −6 . Therefore, the ratio is R < 2 × 10 −12 . We have done a similar study of the vector doublet model, i.e., (N, E − ) L and (N, E − ) R are both SU(2) doublets, but no second order effects (in amplitude) were found.
IV. DISCUSSION
Models beyond the SM predict lepton number violating transitions ν L → ν c R or ν c L through different mechanisms. We have considered five scenarios in which neutrino-antineutrino transitions in the laboratory are possible, and two kinds of experiments. One is that high energy muon neutrinos from pion decay are deep-inelastically rescattered from an isoscalar target; the lepton number violation transition manifests itself by producing µ + events from the rescattering. (One could easily generalize the models to consider changing lepton families as well, yielding e + or τ + .) The results from different scenarios are collected in Table 3 . The first three scenarios involve helicity flip into an active anti-neutrino, but the helicity flip rate is small. The last two involve larger transition rates (via second class oscillations) without helicity flip, but the resulting singlet neutrinos can only interact by (small) mixings or new interactions.
In the second case, we have considered a low energy electron neutrino beam and showed the magnitude of the effective ν →ν transition with the ratio between e + and e − events after rescattering, which is listed in Table 4 .
From the table, there can be a non-zero probability for transitions between neutrinos and anti-neutrinos. The upper limit of the transition is 10 −6 ∼ 10 −10 for high energy neutrinos (∼ 1 GeV ) for the various models, depending on model parameters, whose limits are set by other experiments and analysis. The present statistics on high energy ν µ N scattering CC events is ∼ 1.7 × 10 5 for CDHS/CHARM, and ∼ 1.1 × 10 6 for CCFR [23] . Even statistically, these experiments are not sensitive to the upper limit 10 −6 for the µ ratio. Furthermore, in these experiments, in which π + are produced from proton scattering, π − are also produced, with a cross section about one eighth of that of π + production. Those π − , which can decay into µ − andν µ , give a significant background for the ν µ →ν µ transition effect. Even if tagging or other techniques are used to distinguishν µ from π − , there are decays like µ + → e + ν eνµ in the π + beam, which is also significant compared to the transition effects. Considering the flux and the background in the present high energy ν µ experiments, it is unlikely that the effects could be observed.
The upper limit of the transition for the low energy ν e (∼ 5 MeV ) is about 10 −4 ∼ 10 −14 . We note that the analysis and results are also true for reactorν e to ν e transitions. Nuclear power reactors are the most intense sources ofν available on earth. The event rates in such experiments are restricted by the small cross sections for low energy neutrinos and the 1/L 2 decrease of the neutrino flux when the detector is away from the source. For example, BUGEY [24] with thermal power 2.8 GW has event rates 62
at L ∼ 40 m and 1.38 h −1 at L ∼ 90 m; CHOOZ [25] with 8.5 GW has event rate 25 d −1 at L = 1 km, etc. Hence, the event rates of present reactor experiments are too low to observe anyν → ν transition effect. Neutrinos from π and µ decay at rest from LAMPF can be used to study ν e →ν e or ν µ →ν e (in a magnetic field). A loose estimation from present data of LSND [26] shows that the event rate is again too low, besides the severe problem of background signals. Very intense neutrino sources from π and µ decay might become available from a possible future muon collider or dedicated storage ring [27] . Even if enough events were available to produce a significant number of neutrino-antineutrino transitions, it would be extremely difficult to separate them from standard model backgrounds or from likely first class oscillations; e.g., for µ + → e + ν eνµ , aν e from ν e →ν e would be hard to distinguish from one due toν µ →ν e .
Thus, while ν →ν transitions are possible in principle, it is unlikely that they can be observed in foreseeable laboratory experiments.
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VI. APPENDIX A
The Dirac equation for massive fermions is:
In the Weyl representation,
in which σ µ = (1, σ i ),σ µ = (1, −σ i ), and σ i are Pauli matrices. The positive and negative frequency solutions are, respectively,
where ξ and η are 2-component spinors, from which the helicities of the particles are determined. The weak current of an e − → ν e transition is
If the initial electron is polarized along the −z direction ξ e = (0, 1) T , the current for producing a final state neutrino with negative helicity ξ ν = (0, 1) T is
and for a positive ("wrong") helicity neutrino ξ ν = (1, 0) T , is
Therefore, the probability for producing the "wrong" helicity neutrino from the left-handed weak current is proportional to ( 
Therefore, the probability for producing the "wrong" helicity state from the left-handed weak current for massive Majorana neutrinos is also proportional to ( mν 2Eν ) 2 , as shown in the example, except that the "wrong" helicity state produced in the Majorana neutrino case is approximately a right-handed anti-neutrino ψ c R , while in the Dirac neutrino case it is a right-handed neutrino ψ R .
